One discerns coordination polymers (CPs) and metalorganic frameworks (MOFs) because the former provides a more comprehensive concept for network solids based on metal ions and multitopic organic ligands, while the latter implies the presence of a crystal lattice in the structure.
1
MOF materials with three-dimensional backbones and welldefined network structures possess many advantages compared to their non-framework analogues, such as homogeneous and reproducible material properties, and atomlevel information on the structures. However, the labile nature of some coordination bonds, such as those between first-row transition elements and carboxylate ligands may lead to a gradual or even complete degradation of the scaffold under ambient conditions.
2 For most MOFs, therefore, the sustainability of the crystal lattice is a prerequisite to realize the fascinating potentials 3 of these materials, including hydrogen storage or carbon capture and sequestration. 4 Consequently, it is desirable to have a new type of materials that possess the advantages of porous MOFs but without the constraint of an ordered crystal lattice. Approaches taken in this direction include polymerizations using rigid building blocks such as phthalocyanins, 5 liquid-crystal templation 6 and the derivation of disordered structures using rapid precipitation methods. 7 We provide a potential alternative in another perspective, and hereby report some examples of non-framework CPs that have intrinsic porosities tunable between microporous and mesoporous regimes. The idea is based on the realization that some of the well-known metal-organic polyhedral cages are equipped with solvent-coordinated sites.
8 Cu 2 paddlewheels and bent dicarboxylates are prototypical building blocks for such cases. Thus we decided to take advantage of the solvent sites of paddlewheel units to crosslink polyhedral cage molecules into a network. 9 The polymeric materials would possess a mesoporosity depending on the size of the cage and linker molecules, as well as an intrinsic microporosity originating from the inner cage voids (Scheme 1).
We used 2,7-naphthalenedicarboxylate and Cu 2+ to build a macromolecule with 12 Cu 2 paddlewheel units, [Cu 24 (2,7-ndc) 24 (DMF) 10 (H 2 O) 14 ] (1). The structure of the cuboctahedral cage molecule was determined by X-ray crystallography on weakly diffracting single-crystals using synchrotron X-rays from Pohang Accelerator Laboratory, Korea (Figure 1 ).
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The approximately spherical molecule measures about 3.3 nm, and the inner-cage void can host an imaginary sphere with the diameter of 1.8 nm. Such metal-organic cuboctahedra were first reported by Yaghi 11 and Zaworotko, 12 and continue to be a subject of active research.
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In the packing structure, a given cuboctahedral cage Scheme 1. Stepwise synthesis of non-framework coordination polymers having a bimodal porosity. Notes makes close contacts with neighbors through its 8 triangular windows, and consequently 1 adopts a body-centered cubic (bcc) packing structure where the coordination number is 8 (Fig. S3) . The overall structure of 1 is further characterized by the solvent-accessible voids of 22147 Å 3 per unit cell or 68% of the total crystal volume. 14 X-ray powder diffraction (XRPD) studies show that the crystal structure of 1 shown in Figure 1 represents the bulk product (Fig. 2) .
When 1 is solvent-exchanged and evacuated under a dynamic vacuum, a complete amorphization occurs as evidenced by the disappearance of the Bragg diffractions in the XRD patterns. The amorphization, however, is not an indication of irreversible decomposition of the cage molecules, but simply a collapse of the bcc packing resulting from the removal of space-filling solvent molecules. The reversible uptake and release of gas molecules by amorphized 1 is the evidence.
As shown in Figure 3 and 4, the sorptions of N 2 (77 K), CO 2 (195 K) and H 2 (77 K) by 1 show reversible type I isotherms without a notable hysteresis. The BET and Langmuir surface areas determined from the N 2 sorption data are 610 and 800 m 2 /g, respectively. The total pore volume is 0.287 cm 3 /g and is significantly lower than the solventaccessible voids estimated from the crystal structure. This is because only the intracage voids are available for gas adsorption in amorphized 1. Note that the pore volume estimated only from the intracage voids is close at 0.261 cm 3 /g assuming the crystallographic density of the sample. With the 'permanently' porous molecular solids in hand, we then used various diamine ligands in order to cross-link the cage molecules into a series of non-framework CPs (Scheme 2).
This was readily done by slowly adding a diluted solution of diamine into the slurry or solution of 1. Three such materials have been obtained where the linkers are short (ethylenediamine, en), rigid aromatic (xylenediamine, xn) or flexible (diaminoheptane, hn) diamine ligands for 2, 3 and 4, respectively. The incorporation of the diamine spacers leads to the color change of the samples from green to blue, and was confirmed by the appearance of sharp NH stretching bands at 3310, 3314 and 3306 cm −1 for 2-4, respectively, in IR spectroscopy (Fig. S1) . In thermal gravimetric analysis of the three CPs, the solvent contents are significantly reduced, and the weight for non-volatile organic residues are much increased compared to 1 (Fig. S2) . It was not possible to quantify the exact number of the diamine linkers per cage unit in 2-4; however, the increased N contents in the elemental analysis suggest that most of the external solvent sites are occupied by the diamine ligands (see Supporting Information for details). XRPD analysis on 2-4 shows that 2 possesses a considerable crystallinity while 3 and, especially 4 are mostly amorphous (Fig. S4) . The N 2 sorption isotherms of 2-4 indicate that the three CPs possess surface features clearly distinct from that of 1 which is a typical microporous solids (Fig. 3) .
First, the early uptake at P/P 0 < 0.05 is gradually lowered on going from 2 to 4, which indicates decreasing micropores, i.e., cuboctahedral cages, in a unit weight of the sample. Instead, 2-4 display unusual type II isotherms due to unrestricted monolayer-multilayer adsorptions at P/P 0 ~ 1, and large hysteresis loops characteristic of mesoporous materials. The trends in the N 2 sorption data corroborate with the changes in the spacer ligands in the following way. When the large cage molecules are interconnected by short spacers (en in 2), it would give slit-type intercage voids while most of the pores are still in the microporous region (< 2 nm). This results in the narrow hysteresis for 2 which is a type H4 according to the IUPAC classification.
15 When relatively long linkers connect the cage molecules (xn for 3 and hn for 4), mesopore volumes increase substantially to give the large hysteresis loops related to pore condensations. Finally, the desorption branch of the isotherm for 4 shows the hysteresis step less steeper than that of 3 implying a much broader pore size distribution for 4 (Fig. S9) . This is because hn is considerably more flexible than xn.
The sorption capacities for CO 2 at 195 K and 1 bar are systematically lowered on going from purely microporous 1 to rather mesoporous 4 (Fig. 4) , and this is in accordance with the decrease in the micropore volumes.
16
This result is not surprising because the adsorption of small gases is favored in micropores in which adsorption potentials from opposite walls overlap giving strong fluidwall interactions. 17 The isosteric heats (Q ST ) of CO 2 adsorption calculated using the Virial-type equations 18 for 2 and 3 are slightly lower than that for 1 which is 30 kJ/mol (Fig.  S9) . These values are somewhat higher than those reported for three representative ZIFs. 19 For comparison, microporous zeolites have Q ST values in the range 30-45 kJ/mol depending on the channel structure and cations, 20 and the mesoporous material MCM-41 has been reported to have 25 kJ/mol.
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The sorptions of CO 2 at 273 K (Fig. S5) and H 2 at 77 K (Fig. 4) also show a gradual decrease for 1-4, but the lack of strong intermolecular interactions between adsorptive molecules results in much pronounced drops in the sorption capacities for 3 and 4 compared to 1 and 2. Again, this proves that microporous materials are advantageous over mesoporous materials in terms of gas storage through physisorption.
The poor performances of 2-4 in the uptake of H 2 and CO 2 do not disapprove our approaches towards new materials based on non-framework CPs. This is in part because there are much room for modulating the basic building blocks, and in part because the absolute sorption capacity is not the sole target in the design of these materials. Also, non-framework CPs with an intrinsic porosity may be used for other purposes such as a support for loading catalysts or nanomaterials in heterogeneous host-guest chemistry.
22
In conclusion, we have shown that it is possible to synthesize and systematically modulate intrinsic bimodal porosities of non-framework CPs. The porosities of these materials may be tuned by the judicious choice of the cage molecules and the linkers, and therefore this type of materials is potentially useful adsorbents when a bimodal porosity is required. The absence of an ordered crystal lattice in the structure of these porous materials is an advantage over conventional MOFs. The open metal sites and nanometer-sized cages may also be useful for loading functional guest molecules.
